Abstract-The performance of radio-over-fiber optical transmission employing vertical-cavity surface-emitting lasers (VCSELs), and further wireless transmission, of the two major ultra-wideband (UWB) implementations is reported when operating in the 60-GHz radio band. Performance is evaluated at 1.44 Gbit/s bitrate. The two UWB implementations considered employ dual-carrier modulation orthogonal frequency-division multiplexing (DCM-OFDM) and binary phase-shift keying impulse radio (BPSK-IR) modulation respectively. Optical transmission distances up to 40 km in standard single-mode fiber and up to 500 m in bend-insensitive single-mode fiber with wireless transmission up to 5 m in both cases is demonstrated with no penalty. A simulation analysis has also been performed in order to investigate the operational limits. The analysis results are in excellent agreement with the experimental work and indicate good tolerance to chromatic dispersion due to the chirp characteristics of electro-optical conversion when a directly-modulated VCSEL is employed.
I. INTRODUCTION
U LTRA-WIDEBAND (UWB) is an attractive radio technology which exhibits low interference, low latency and potential high bitrate at low cost in short-range wireless communications [1] . UWB is defined as any radio signal with a fractional bandwidth of at least 0.20, or a 10-dB bandwidth of at least 500 MHz [2] . UWB uses regulated spectrum from 3.1 to 10.6 GHz [3] supporting fourteen bands 528-MHz-wide-each as specified in the ECMA-368 standard [4] . Maximum capacity in actual UWB equipment is 480 Mbit/s per band (WiMedia specification v1.2 [3] ). This gives an overall capacity of 6.72 Gbit/s per user when the fourteen bands are combined. This capacity is supported in single-chip UWB implementations [5] . The maximum theoretical UWB capacity would be achieved when the fourteen UWB bands are used bearing 1024 Mbit/s each (WiMedia specification v1.5 [3] ) giving 14.336 Gbit/s aggregated bitrate per user. Nevertheless, no commercial equipment to date supports this configuration. This paper proposes the operation of UWB in the 60-GHz band and evaluates the performance when vertical-cavity surface-emitting lasers (VCSELs) are employed for electro-optical conversion. Several technologies in the 60-GHz band capable of multi-Gbit/s capacity have been proposed in the last years. Some of them are WirelessHD (Jan. 2008), ECMA-387 (Dec. 2008), IEEE 802. 15 .3c (Oct. 2009), WiGig (Jul. 2010), and IEEE 802.11.ad. Some of them target wireless streaming consumer electronics, e.g. WirelessHD [6] , whereas ECMA-387 and IEEE 802. 15 .3c target wireless personal area networks (WPAN). An interesting characteristic of ECMA-387 is that single-chip solutions are available [7] , giving the advantage of reduced board space requirements and lower manufacturing cost.
UWB in the 60-GHz band is interesting for several reasons:
1) The unlicensed frequency range regulated for generic 60-GHz radio worldwide (57−66 GHz in Europe and Australia, 57−64 GHz in the U.S. and Canada, 59−66 GHz in Japan) can allocate very well the UWB bandwidth in current regulation (up to 7.5 GHz). 2) UWB is a mature technology with efficient software and single-chip solutions are also available [5] , [8] . This permits UWB to be introduced in devices with specific space and power requirements, like mobile phones. 3) UWB is, in origin, a coexistence technology. Translating UWB technology from the 3.1−10.6 GHz band to the 0733-8716/11/$25.00 c 2011 IEEE 60-GHz band opens the opportunity of coexistence with other wireless transmissions in the band. 4) UWB operation in the 60-GHz band permits extending the transmission reach, provided that the increased atmospheric attenuation [9] is compensated increasing the equivalent isotropic radiated power (EIRP) spectral density over −41.3 dBm/MHz, as in current UWB regulation worldwide, to 13 dBm/MHz, as permitted in regulation in force in the band [10] . Regarding the application scenario, UWB in the 60-GHz band has been indicated as a viable approach to provide multi-Gbit/s WPAN connectivity in scenarios where interference is a critical issue like aircrafts [11] . UWB WPAN in the 60-GHz band can benefit from radio-over-fiber technology to interconnect the large number of remote antenna units in UWB distributed antenna systems. The high bandwidth offered by the optical media enables a large number of UWB users in a single fiber. Furthermore, remote antenna units are significantly simplified by centralizing modulation and frequency up-conversion, and multi-standard wireless services are supported on the same infrastructure. Finally, radio-over-fiber transmission of UWB signals (UWB-over-fiber) has been indicated as an interesting solution for fiber-to-the-home (FTTH) access networks delivering high-definition (HD) audio/video [12] . Cost-effective standard single-mode fiber (SSMF) is widely used for FTTH with distances up to about 40 km [13] . Recently-developed bend-insensitive single-mode fiber (BI-SMF), which is backwards compatible with SSMF maintaining the transmission properties of SSMF, open up an interesting opportunity for UWB-over-fiber to be deployed at in-home environments. Several manufacturers offer BI-SMF by the time of writing [14] - [16] . Compared with SSMF, BI-SMF presents much lower bending loss at lower bend radius and eases indoor wiring in FTTH scenarios. BI-SMF facilitates fiber installation where corners, twists and staples are required, thus permitting easy installation at reduced cost [17] . BI-SMF is also expected to reduce the size of the fiber installation, optical cabinets and associated wiring infrastructure. Fig. 1 depicts an example of the UWB radio-over-fiber approach integrating the SSMF-based FTTH access network and BI-SMF-based in building optical user distribution. In the example, UWB radio provides raw data connectivity, HD audio/video and also connectivity to an UWB-enabled cell phone. The figure shows a head-end unit responsible of the central generation of the UWB signal. At the user premises, BI-SMF extends the optical access distribution to the remote antenna units where the received UWB signals are photodetected, filtered, amplified, and radiated to a UWB-enabled television set [18] or computer [19] .
The approach in Fig. 1 is transparent to the specific UWB implementation employed. Two main UWB implementations are currently used: Pulse modulation (impulse-radio UWB) which is not channelized in force and multi-band orthogonal frequency-division multiplexing (OFDM UWB) as specified in the ECMA-368 standard [4] . OFDM provides high spectral efficiency and substantial control over the use of the spectrum (e.g. by carrier nulling, time-frequency hopping, and power control) with a simplified system design to facilitate coex- istence with other wireless technologies [20] . Furthermore, there is large market availability of low-cost OFDM-based UWB solutions. On the other hand, impulse-radio UWB is flexible in terms of spectrum and bitrate and it is capable of providing simultaneous communications and high-resolution ranging [21] . This work compares the experimental performance after radio-over-fiber and further wireless transmission in the 60-GHz radio band of two major UWB implementations at 1.44 Gbit/s: Standard OFDM based on dual-carrier modulation (DCM-OFDM) and impulse radio based on binary phase-shift keying modulation (BPSK-IR). This work targets to give light on the best implementation for future UWB systems in the 60-GHz band. Different fiber types are evaluated including SSMF and BI-SMF. Direct modulation of a low-cost free-running uncooled VCSEL is employed for electro-optical conversion of the UWB signals. Optical frequency up-conversion is performed employing relaxed-frequency electro-optical components at the head-end unit in order to simplify the remote antenna units. Simulation analysis is performed to verify the experimental measurements. The system proposed could operate in a dual 3.1−10.6-GHz/60-GHz configuration if desired, but dual operation is out of the scope of this analysis. 60-GHz band operation would re-use and extend UWB technology in terms of range and flexibility, and is the focus of this work.
II. ULTRA-WIDEBAND RADIO-OVER-FIBER IN THE 60-GHZ BAND

A. Experimental Setup
The experimental setup of a UWB radio-over-fiber system in the 60-GHz band employing a directly-modulated VCSEL is shown in Fig. 2 . At the head-end unit, a 1550-nm 10-Gbit/s VCSEL (VERTILAS GmbH) [22] is directly modulated by the UWB signal. Frequency up-conversion to the 60-GHz band is performed by driving a Mach-Zehnder electro-optical intensity modulator (V π of 3.7 V, 3-dB bandwidth of 35 GHz, chirp of −0.7) by a local oscillator signal multiplied by 2. The modulator is biased to perform optical carrier suppression which relaxes the RF frequency requirement whereas mitigates the RF power fading caused by fiber chromatic dispersion [23] . The peak-to-peak amplitude of the signal driving the modulator is 3.5 V. Subsequently, the optical signal is distributed over optical fiber to the remote antenna units where the UWB At the receiver, the received UWB signal in the 60-GHz band is amplified and filtered, and down-converted by electrical mixing (RF bandwidth of 55−65 GHz, IF bandwidth of DC−10 GHz, conversion loss of 4.6 dB). The same local oscillator signal used to drive the modulator at the transmitter multiplied by 4 (output frequency of 58.6−62.2 GHz) is employed for frequency down-conversion. A phase shifter is employed for assuring proper phase matching for accurate down-conversion. The down-converted signal is captured by a real-time digital storage oscilloscope (13-GHz bandwidth, 40-GS/s sampling rate) and analyzed by digital signal processing (DSP).
VCSEL driving, i.e. bias current and UWB peak-to-peak voltage, local oscillator frequency, and amplification and filtering stages in the 60-GHz band (TX and RX Amp+Filtering in Fig. 2 ) are configured differently for DCM-OFDM UWB and BPSK-IR UWB. The different configurations employed give the best performance in the optical back-to-back (B2B) configuration at the maximum received optical power of 10 dBm.
B. DCM-OFDM Performance
The DCM-OFDM UWB signal at point (1) in Fig. 2 , shown in Fig. 3 , is generated by combining the outputs of three The bias current and UWB peak-to-peak voltage applied to the VCSEL are set to 750 mVpp and 9.8 mA, respectively. The local oscillator frequency is set to 16.125 GHz so that the DCM-OFDM UWB signal is up-converted to 64.5 GHz. The configuration of the RF amplification and filtering block at the remote antenna units is a band-pass filter (58.125−61.875 GHz) and two low-noise amplifiers with a gain of 18.7 dB and 16.2 dB, respectively. The configuration at the receiver is a high-power amplifier (28.7 dB gain) and a band-pass filter (57.5−62.5 GHz).
The performance of the demodulated DCM-OFDM UWB signal at point (3) in Fig. 2 is evaluated by the error vector magnitude (EVM) parameter. The EVM is measured on the constellation diagram for each frequency band, Band #1, Band #2 and Band #3 in Fig. 3 , employing Fig. 4 is limited by electrical noise at low received optical power. Decreasing the received optical power further increases the EVM due to the reduction in signal-to-noise ratio (SNR). In addition, the EVM improves at low received optical power with respect to the optical B2B configuration after optical transmission over 25 km of SSMF, as shown in Fig. 4(a) , (c) and (e), and 40 km of SSMF, as shown in Fig. 4(b) , (d) and (f). This is ascribed to gain in the fiber transfer function induced by the interaction of the chirp of the directly-modulated VCSEL with fiber chromatic dispersion [24] , as verified in Section III. The gain is dependent on the fiber length. The increase of power level after 25-km and 40-km SSMF transmission with respect to B2B as well as its dependence on fiber length can be verified in Fig. 5(a) , (c) and (d). The minimum EVM obtained at high received optical power is degraded after 25-km and 40-km SSMF transmission with respect to the optical B2B configuration. This is due to signal distortion by the fiber transfer function induced by chromatic dispersion and further modified by the chirp of the VCSEL [24] . Signal distortion and its dependence on frequency and fiber length can be observed in Fig. 5 
(c) and (d).
Signal distortion prevents recovering the complete DCM-OFDM UWB signal in the 60-GHz band after 25 km of SSMF, as shown in Fig. 4(e) , and also after 25 km of SSMF extended by 500 m of BI-SMF, not shown in Fig. 4 for simplicity. Successful recovery of the complete DCM-OFDM UWB signal in the 60-GHz band is achieved employing dispersion management by matched IDF, as shown in Fig. 4(a) , (c) and (e). The 25-km SSMF link is compensated by 25 km of IDF. Compared with DCF, IDF is more suitable for being used as transmission fiber, thus extending the FTTH network reach [25] . Similar EVM performance is obtained in the three DCM-OFDM UWB bands. The EVM improves by approximately 2 dB depending on the received optical power with respect to the optical B2B configuration. Equivalently, the optical receiver sensitivity improves by 1.5 dB depending on the EVM threshold. The optical receiver sensitivity at EVM below −17 dB [4] is −2.1 dBm. The EVM improvement with respect to the optical B2B configuration is ascribed to gain in the fiber transfer function induced by the interaction of the VCSEL chirp with a residual fiber chromatic dispersion, as a similar EVM improvement is obtained after transmission over 500 m of BI-SMF, as also shown in Fig. 4(a), (c) and (e). The power level increases after 500-m BI-SMF transmission with respect to the optical B2B configuration, as can be verified in Fig. 5(a) and (b) . The DCM-OFDM UWB signal in the 60-GHz band is successfully distributed over 500 m of BI-SMF, which is sufficient for most in-building networks, with an optical receiver sensitivity of −2.1 dBm at EVM<−17 dB. The signal is not distorted as the minimum EVM obtained at high received optical power is not degraded with respect to the optical B2B configuration. This can also be verified in Fig. 5(a) and (b) . The three DCM-OFDM UWB bands are recovered after 40-km SSMF transmission, as shown in Fig. 4(b) , (d) and (f), however with poor quality. The EVM after 40-km SSMF transmission at high received optical power can be improved by readjusting the VCSEL driving with respect to the optical B2B configuration. The EVM is improved due to the readjustment of the VCSEL chirp, without employing dispersion compensation or management of the VCSEL chirp [26] - [28] . This is shown in Fig. 4(b) , (d) and (f) for readjustment of the bias current applied to the VCSEL from 9.8 mA to 13.85 mA. Considering an EVM threshold of −17 dB, the optical receiver sensitivity for successful recovering of the three DCM-OFDM UWB bands is 1 dBm, limited by the signal distortion in the UWB Band #1. This corresponds to a power penalty of 1.3 dB with respect to the optical B2B configuration.
The expected performance employing dispersion compensation by DCF is also investigated. The 40-km SSMF link is compensated by 6.5 km of DCF which has dispersion equivalent to compensation of 40 km SSMF. The EVM in the three DCM-OFDM UWB bands improves at high received optical power and is degraded at low received optical power with respect to the uncompensated 40-km link, as shown in Fig. 4(b) , (d) and (f). The optical receiver sensitivity at EVM<−17 dB is 1 dBm limited by the UWB Band #3, corresponding to a power penalty of 1.6 dB with respect to the optical B2B configuration. It should be noted that the successful transmission after dispersion compensation by IDF or DCF with EVM<−17 dB is achieved increasing the amplification EDFA #2 in Fig. 2 by 5 dB to compensate for the increased loss of the combined fiber link.
Additionally, the impact of the gain of the receiving antenna on performance is studied. Fig. 4(a) shows the EVM of the DCM-OFDM UWB Band #1 after 25-km SSMF transmission when a Cassegrain antenna with 39.7-dBi gain is employed at receiver instead of the 20-dBi antenna. The optical receiver sensitivity improves by 1.3 dB at low received optical power whereas the minimum EVM is maintained at high received optical power. Fig. 6 shows examples of DCM-OFDM UWB spectra in the 60-GHz band measured at point (2) in Fig. 2 . The power level decreases by approximately 2 dB as the received optical power decreases by 1 dB. The signal spectrum meets current regulation in the 60-GHz band [29] in all configurations. However, spectra of noise and distortion are observed due to imperfect filtering. These spectra could cause interference to other radio signals in the current 60-GHz band (57−66 GHz) or to future frequencies outside 57−66 GHz, particularly around 52 GHz. The undesired spectra could be reduced by adequate filtering in practice or by system design. The undesired spectra do not impact on performance as this is evaluated over the bandwidth of each DCM-OFDM UWB band. Fig. 7 shows examples of DCM-like constellation diagrams at point (3) in Fig. 2 . Signal degradation translates into more disperse constellation points thus degrading the EVM. The constellation diagrams in Fig. 7 confirm the good performance with EVM<−17 dB of the radio-over-fiber system for generation with combined fiber and wireless transmission of high-quality DCM-OFDM UWB signals in the 60-GHz band.
C. BPSK-IR Performance
The BPSK-IR UWB signal at point (1) in Fig. 2 is generated by an arbitrary waveform generator (Tektronix, AWG 7122B) at 23.04 GS/s. A pseudo random bit sequence (PRBS) of 2 11 −1 word length at 1.44 Gbit/s is employed. The BPSK-IR UWB pulse is a fifth-order derivative Gaussian shape with a standard deviation of 0.068 ns so as to be in good compliance with the UWB EIRP spectral density mask [2] with the highest spectral efficiency of 0.28 bit/s/Hz [30] . In this way, the system could operate in dual band 3.1−10.6 GHz/60 GHz as the baseband signal, which is also available after photodetection, could be radiated meeting current UWB regulation [31] . The BPSK-IR UWB signal, shown in Fig. 8 , comprises a single band (3.26−8.45 GHz at 10 dB, 5.58-GHz peak frequency). BPSK data modulation is employed in order to avoid spectral peaks at multiples of the bitrate, which limit UWB reach [31] , as verified in Fig. 8(b) . The bias current and UWB peak-to-peak voltage applied to the VCSEL are set to 820 mVpp and 13 mA, respectively. The local oscillator frequency is set to 16.165 GHz so that the BPSK-IR UWB signal is up-converted to 64.66 GHz. The configuration of the RF amplification and filtering block at the remote antenna units is a low-noise amplifier (18.7-dB gain), a band-pass filter (58.125−61.875 GHz) and a high-power amplifier (28.7-dB gain). The configuration at the receiver is a high-power amplifier (28.7-dB gain), a low-noise amplifier (16.2-dB gain) and a band-pass filter (57.5−62.5 GHz). The performance of the demodulated BPSK-IR UWB signal at point (3) in Fig. 2 is evaluated by the bit-error-rate (BER) parameter. BER is measured on the eye diagrams employing off-line custom DSP. The DSP software consists of re-sampling by a factor of 1.008, low-pass filtering at a cut-off frequency optimum for each configuration (5.1 GHz for B2B, 6.5 GHz for 25-km SSMF and 25-km SSMF extended by 500-m BI-SMF, and 5 GHz for 40-km SSMF), matched filtering with the original UWB pulse shape, bit synchronization and calculation of the optimum decision threshold. The BER is calculated by bit-by-bit comparison with the original PRBS over 120,000 bits in all configurations. BER performance of the BPSK-IR UWB signal in the 60-GHz band combining optical and 5-m wireless transmission is shown in Fig. 9 as a function of the received optical power. Three optical transmission cases are considered: 25 km of SSMF, 25 km of SSMF extended by 500 m of BI-SMF, and 40 km of SSMF. Successful recovery of the BPSK-IR UWB signal with BER below the limit of 2.2⋅10 −3 employing forward error correction (FEC) is achieved in all fiber configurations. Very low optical receiver sensitivities of −12.5 dBm and −15.6 dBm after 25 km and 40 km of SSMF, respectively, and −14.3 dBm after 25 km of SSMF extended by 500 m of BI-SMF are obtained. This corresponds to an improvement of 0.1 dB, 3.2 dB and 1.9 dB, respectively, compared with optical B2B. The BER is limited by electrical noise in Fig. 9 . Decreasing the received optical power further increases the BER due to reduction in SNR. In addition, the improvement in optical receiver sensitivity after fiber transmission is ascribed to gain in the fiber transfer function induced by the interaction of the chirp of the directly-modulated VCSEL with the fiber chromatic dispersion [24] , as verified in Section III.
Note that the same VCSEL driving adjusted initially in the optical B2B configuration has been employed in all fiber configurations. Nevertheless, optimization of the VCSEL driving in a given fiber configuration could lead to different performance, as has been shown in Section II.B for DCM-OFDM UWB. Fig. 10 shows examples of BPSK-IR UWB spectra in the 60-GHz band at point (2) in Fig. 2 . Residual spectral lines at frequencies multiple of the bitrate are caused by asymmetry of the BPSK pulses. This is due to the nonlinear transfer function of the VCSEL and distortion from fiber dispersion. The power level decreases by approximately 2 dB as the received optical power decreases by 1 dB. The increase of power level after fiber transmission with respect to the optical B2B configuration as well as its dependence on fiber length can be verified in Fig. 10(a) and (c) . The signal spectrum meets current regulation in the 60-GHz band [29] in all configurations. However, residual RF carrier at 64.66 GHz and noise spectrum around 52 GHz are observed due to imperfect filtering. These spectra could cause interference to other radio signals in the current 60-GHz band (57−66 GHz) or to future frequencies around 52 GHz. The undesired spectra could be reduced by adequate filtering in practice or by system design. The undesired spectra do not impact on performance because frequency down-conversion is done with the same RF carrier, and DSP low-pass filtering is included at the receiver.
BPSK-like eye diagrams at point (3) in Fig. 2 are shown in Fig. 11 . The open eye diagrams in Fig. 11 , especially after 40 km of SSMF, confirm the excellent performance shown in Fig. 9 . Signal degradation closes the eye diagram resulting in increased BER. At −12.7 dBm received optical power, the gain in the fiber transfer function after transmission over 25-km SSMF+500-m BI-SMF enables recovering the BPSK-IR UWB signal at BER<2.2⋅10 −3 at received optical power lower than in the B2B configuration for the same performance, unlike the 25-km SSMF configuration, as shown the eye diagrams in Fig. 11(b) and (c) . In addition, the gain in the fiber transfer function after 40-km SSMF transmission does not compensate for the received optical power reduction at −14.7 dBm with respect to the optical B2B configuration at −10 dBm, as shown the eye diagrams in Fig. 11(a) and (d) . Furthermore, Fig. 11 (c) and (d) exhibit similar maximum eye opening resulting in similar BER performance.
III. SIMULATION ANALYSIS
Performance improvement after dispersive fiber transmission compared with the optical B2B configuration has been achieved in the experiments for both DCM-OFDM and BPSK-IR UWB signals. This is likely assisted by the chirp characteristics of the directly-modulated VCSEL [24] , as has been pointed out in Section II.B and II.C. Similarly, performance improvement after 20-km SSMF transmission of on-off keying (OOK) baseband signals is observed in [28] . Chirp management of a directly-modulated distributed feedback (DFB) laser is performed by a tunable optical filter in [28] . In order to verify the experimental measurements, a simulation model for the UWB radio-over-fiber system in the 60-GHz band has been developed employing the commercial simulation tool VPITransmissionMaker (version 8.3).
A single-mode rate-equation model of a VCSEL is employed. The characterized power-and voltage-bias current curves and thermal frequency shift of the VCSEL are included in the model. Furthermore, we previously verified that the model for the VCSEL can reproduce the behavior of the real VCSEL by measuring the output of the VCSEL in the time and frequency domains under modulation with a non-return-to-zero (NRZ) PRBS of 2 7 −1 word length at 7.5 Gbit/s. 7.5 Gbit/s was chosen in order to have similar spectral width in the simulations and the experiments. Due to the fifth derivative Gaussian pulse shape, the spectral properties, and therefore also the chirp-and dispersion-related Fig. 9 . Furthermore, it is verified that no performance improvement is obtained after fiber transmission with respect to optical B2B when the chirp of the VCSEL is disabled in simulation.
IV. CONCLUSION UWB radio-over-fiber in the 60-GHz band for providing multi-Gbit/s integrated long-reach FTTH and WPAN connectivity has been proposed and experimentally demonstrated. Radio-over-fiber transmission over 40-km SSMF without any dispersion compensation and further 5-m wireless transmission has been demonstrated for both DCM-OFDM and BPSK-IR UWB signals at 1.44 Gbit/s in the 60-GHz band. The BPSK-IR UWB implementation is more tolerant to fiber impairments requiring lower received optical power than the DCM-OFDM UWB counterpart. Experimental results verified by simulation show that the UWB radio-over-fiber system in the 60-GHz band can benefit from the chirp of low-cost directly-modulated VCSELs to increase optical receiver sensitivity.
We believe that these results underpin the flexibility of UWB signaling not only in the 3.1−10.6 GHz band, but also in the 60-GHz band.
